Introduction
The coupling of apoptosis to cellular surveillance mechanisms, that is, checkpoints, is thought to provide a critical safeguard against the development of cancer (1) . Defects in apoptotic pathways (2) with failure to eliminate cells harboring DNA damage, viral infection, or abnormalities in the mitotic apparatus have been linked to the onset and progression of cancer (3) , and mutations in proapoptotic genes may confer increased tumor invasiveness and resistance to therapy (4) . Among the regulators of apoptotic pathways, bcl-2 proteins have been implicated in the control of mitochondrial homeostasis, most notably cytochrome c release (5) , whereas members of the inhibitor of apoptosis (IAP) gene family control a downstream step in cell death by suppressing processing and catalytic activity of caspases, the executioners of cell death programs (6) .
A role for IAP proteins in cancer has been recently highlighted with the identification of the survivin gene (7) . Survivin is a structurally unique IAP family protein that is expressed in mitosis in a cell cycle-dependent fashion and localized to components of the mitotic apparatus (8) . Potentially involved in both inhibition of apoptosis and control of cell division (9) , survivin expression is prominently upregulated in most human cancers, but undetectable or found at very low levels in normal adult tissues (7, 10) . In several tumor series, the presence of survivin correlated with reduced apoptotic index in vivo, abbreviated overall survival, unfavorable prognosis, and accelerated rates of recurrences (11) (12) (13) (14) (15) . In addition, the integrity of the survivin pathway may be required for cancer cell viability. Molecular antagonists of survivin including antisense or expression of a dominant negative mutant resulted in spontaneous apoptosis of cancer cells in vitro (16, 17) , and in vivo (18) , and enhancement of chemotherapyinduced cell death (19) .
Because manipulation of apoptosis may provide new therapeutic strategies in human diseases (20) , we sought to target the survivin pathway in cancer with a replication-deficient adenovirus encoding a survivin Thr 34 →Ala mutant, which abolishes a phosphorylation site for p34 cdc2 -cyclin B1 (21) . Here, we show that the survivin mutant virus caused initiation of the mitochondrial apoptotic pathway in various tumor cell types, exhibited no toxicity for normal human cells, and suppressed tumor growth in three different xenograft breast cancer models in vivo.
We have constructed a replication-deficient adenovirus encoding a nonphosphorylatable Thr 34 →Ala mutant of the apoptosis inhibitor survivin (pAd-T34A) to target tumor cell viability in vitro and in vivo. Infection with pAd-T34A caused spontaneous apoptosis in cell lines of breast, cervical, prostate, lung, and colorectal cancer. In contrast, pAd-T34A did not affect cell viability of proliferating normal human cells, including fibroblasts, endothelium, or smooth muscle cells. Infection of tumor cells with pAd-T34A resulted in cytochrome c release from mitochondria, cleavage of approximately 46-kDa upstream caspase-9, processing of caspase-3 to the active subunits of approximately 17 and 19 kDa, and increased caspase-3 catalytic activity. When compared with chemotherapeutic regimens, pAd-T34A was as effective as taxol and considerably more effective than adriamycin in induction of tumor cell apoptosis and enhanced taxol-induced cell death. In three xenograft breast cancer models in immunodeficient mice, pAd-T34A suppressed de novo tumor formation, inhibited by approximately 40% the growth of established tumors, and reduced intraperitoneal tumor dissemination. Tumors injected with pAd-T34A exhibited loss of proliferating cells and massive apoptosis by in situ internucleosomal DNA fragmentation. These data suggest that adenoviral targeting of the survivin pathway may provide a novel approach for selective cancer gene therapy.
specifications. Normal human lung fibroblasts were obtained from Clonetics Corp. (San Diego, California, USA) and grown in FGM2 medium. Normal human vascular smooth muscle cells (VSMCs) were obtained from Coriell Cell Repositories (Camden, New Jersey, USA) and maintained in 199 medium containing 10% FCS, 0.02 µg/ml endothelial cell growth supplement, and 0.05 µg/ml heparin. Normal human foreskin fibroblasts (HFFs) were obtained from ATCC and grown in complete DMEM containing 10% FCS. Human umbilical vein endothelial cells (HUVECs) were isolated and maintained in culture as described (22) .
Construction of adenoviral vectors. The adenoviral (pAd) vectors for homologous recombination in bacteria have been described (23) (Figure 1a ). Both pAdTrack-CMV and pAdEasy-1 vectors were kindly provided by B. Vogelstein (Johns Hopkins University School of Medicine, Baltimore, Maryland, USA). The cDNAs for wildtype (WT) survivin or Thr 34 →Ala survivin mutant (T34A) containing 5′ HindIII and 3′ XbaI sites were inserted in pAdTrack downstream of the cytomegalovirus (CMV) promoter ( Figure 1a ) to generate pAd-WT or pAd-T34A. Each shuttle vector was linearized with PmeI, electroporated in Escherichia coli BJ5183, and colonies were selected in 50 µg/ml of kanamycin. Each pAd construct (4-10 µg) was digested with PacI, transfected in 293 cells by Lipofectamine (Life Technologies Inc., Rockville, Maryland, USA), and cultures were monitored for expression of green fluorescent protein (GFP), by fluorescence microscopy. The cell pellets were suspended in 1 ml PBS, pH 7.4, and after three cycles of freezing and thawing, 1 ml of viral lysate supernatant was used to infect 3 × 10 6 to 5 × 10 6 293 cells. Viruses were harvested at 2-to 3-day intervals. To generate high-titer viral stocks, this process was repeated 3-5 times with a total of 5 × 10 8 packaging cells, and viral particles were purified by CsCl banding. Green fluorescence forming units (GFU) were estimated by serial dilution of the virus stock in transduced 293 cells. To detect a potential contamination of viral stocks with replication-competent adenoviral particles, HeLa cells (8 × 10 4 ) in C-6-well plates were infected with pAd-GFP or pAd-T34A at moi of 1,250 for 8 hours and grown for 3 days at 37°C. Cell extracts prepared by freezing and thawing and supernatants were used to successively infect a second culture of HeLa cells, which was analyzed for viral transduction by GFP expression after an additional 2-day interval at 37°C. Expression of survivin protein in transduced cultures was determined by Western blot analysis, using an Ab to fulllength recombinant survivin (NOVUS Biologicals Inc., Littleton, Colorado, USA), as described (24) .
Apoptosis and cell cycle analysis. Subconfluent cultures of the various tumor cell types or normal human primary cells were incubated with pAd-GFP, pAd-WT, or pAd-T34A at moi of 50 for 8 hours at 37°C. After additional 48-hour incubation in complete medium at 37°C, cells were scored for nuclear morphology of apoptosis (chromatin condensation, DNA fragmentation) by labeling with 4,6-diamidino-2-phenylindole (DAPI; Sigma were infected with pAd-T34A or pAd-GFP at moi of 1,250 and grown for 3 days at 37°C. Cell extracts were used to successively infect a second HeLa cell culture, and cells were analyzed by phase-contrast microscopy (Phase) or GFP expression (GFP) after an additional 2-day period. (d) Western blot analysis. Aliquots of HeLa or MCF-7 cells were infected with the indicated pAd vectors at moi of 50, harvested after 48 hours at 37°C, and proteinnormalized extracts were analyzed by Western blotting with an Ab to survivin, XIAP, or control β-actin followed by chemiluminescence. Molecular-weight markers in kilodaltons are shown on the left. LITR, left-hand inverted terminal repeat; MW, molecular weight.
Chemical Co., St. Louis, Missouri, USA), as described (16) . Alternatively, infected cells were harvested at increasing time intervals (42-86 hours) and analyzed for DNA content by propidium iodide staining and flow cytometry, as described (16) . In other experiments, transduced HeLa cells were cultivated for 20-60 hours at 37°C and assayed for caspase-3 activity by hydrolysis of the fluorogenic substrate N-Acetyl-Asp-Glu-Val-Aspaldehyde (Ac-DEVD-AMC) (PharMingen, San Diego, California, USA), in the presence or absence of the caspase inhibitor Ac-DEVD-CHO. Caspase proteolytic processing was analyzed in the same cellular samples by Western blot analysis using a 1:5,000 dilution of a rabbit Ab to caspase-3 (Transduction Laboratories, Lexington, Kentucky, USA) or 1:1,000 dilution of an Ab to caspase-9 (Cell Signaling Technologies, Beverly, Massachusetts, USA), followed by chemiluminescence and autoradiography. For determination of mitochondrial release of cytochrome c, HeLa cells (2 × 10 6 ) infected with pAd-GFP or pAd-T34A (50 moi) for 8 hours at 37°C were harvested after an additional 6-12 hours of culture at 37°C. Cells were washed in PBS, pH 7.4, and incubated for 30 minutes on ice in 300 µl of lysis buffer containing 68 mM sucrose, 200 mM mannitol, 50 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and 1× complete protease inhibitor cocktail (Boehringer Mannheim Biochemicals Inc., Indianapolis, Indiana, USA). Cells were lysed with 80 strokes of a Dounce homogenizer using a type-B pestle and centrifuged at 800 g for 5 minutes at 4°C. The supernatant was then collected and centrifuged at 14,000 g for 10 minutes at 4°C. The supernatant (cytosol) and pellet (mitochondria) from this centrifugation were stored at -70°C for Western blot analysis. Proteins from each sample were electrophoresed on a 15% SDS gel, transferred to nitrocellulose (BioRad Laboratories Inc., Hercules, California, USA), and analyzed by Western blotting with a mouse anti-cytochrome c (7H8.2C12; PharMingen) mAb diluted to a concentration of 1:1,000. In another series of experiments, HeLa or MCF-7 cells were infected with pAd-GFP or pAd-T34A at moi of 50 for 8 hours at 37°C and further incubated in the presence or absence of chemotherapeutic drugs taxol (2 µM; Sigma Chemical Co.) or adriamycin (100 nM; Sigma Chemical Co.). Aliquots of the various cultures were harvested at increasing time intervals between 24 and 96 hours and analyzed for DNA content by propidium iodide staining and flow cytometry, as described (16) .
Adenoviral targeting of survivin in a xenograft breast cancer model. Six-to eight-week-old female CB17 SCID/beige mice (Taconic Farms, Germantown, New York, USA) were injected subcutaneously into the flanks with 1.5 × 10 6 exponentially growing MCF-7 cells in 250 µl of sterile PBS, pH 7.4. Tumor growth was confined to local masses and did not affect animal survival over a 4-month observation period. In a first set of experiments, MCF-7 cells (1.5 × 10 6 ) were infected in vitro at a moi of 50 with pAd-T34A or pAd-GFP for 8 hours at 37°C, washed, and injected into CB17 SCID mice. Tumor growth was measured in the three dimensions every other day and expressed as tumor volume in cubic millimeters. In a second set of experiments, animals were injected with uninfected MCF-7 cells (1.5 × 10 6 ) until local tumors became palpable after 7-10 days (∼100-150 mm 3 or 5-7 mm diameter). For local administration of pAd vectors, tumor masses were injected in three sites with pAd-GFP or pAd-T34A at 5 × 10 8 GFU/site of injection (50 µl). Tumor growth was measured every other day for 2 weeks after viral injection. In a third series of experiments, 14 sixweek-old female SCID/beige mice received an intraperitoneal injection of uninfected exponentially growing 1.5 × 10 6 MCF-7 cells. After 7 days, mice were given a single intraperitoneal injection of 10 10 GFU of pAd-GFP or pAd-T34A (7 animals/group), in 150 µl PBS, pH 7.4. After 4 days, animals were euthanized, and their total tumor burden was excised, weighed, and embedded in paraffin blocks for histology.
Histology. Tumors formed in animals injected with MCF-7 cells infected in vitro with pAd-GFP or pAd-T34A were excised 30 days after transfer. Animals receiving intratumor injection of pAd-GFP or pAd-T34A were sacrificed at 2, 4, and 7 days after pAd delivery, and tumors were removed for histology. For expression of pAd constructs in vivo, tumors were snap-frozen on dry ice in OCT, and cryostat sections were cut (5 µm), placed on poly-L-lysine-coated slides, fixed with acetone for 10 minutes at -20°C, and analyzed for GFP expression by fluorescence microscopy. For histology, 5-µm tissue sections from paraffin-embedded, formalin-fixed tumors were stained with hematoxylin-eosin (H&E), or analyzed for reactivity with Ab's to the proliferation-specific marker Ki-67 (MIB-1; Zymed Laboratories Inc., South San Francisco, California, USA) or survivin by immunohistochemistry, as described (24) . A proliferative index was obtained by counting the average number of Ki-67-positive cells in 8-9 high-power (×400) fields, each containing approximately 600 cells. Tumor cell apoptosis was determined in vivo by internucleosomal DNA fragmentation by TUNEL staining, as described (18) .
Results

Construction and expression of survivin adenoviruses.
We used E. coli-based recombination of pAd-Track shuttle vectors (23) (Figure 1a ) to obtain replication-deficient adenoviruses encoding WT survivin (pAd-WT) or a survivin Thr 34 →Ala mutant (pAd-T34A), abolishing the p34 cdc2 -cyclin B1 phosphorylation site (21) . (Figure 1d ). In addition, infection of HeLa or MCF-7 cells with pAd-GFP or pAd-T34A did not affect the endogenous levels of another antiapoptotic molecule, that is, XIAP, as seen by Western blot analysis (Figure 1d) .
Selectivity of pAd-T34A for induction of tumor cell apoptosis. Infection of HeLa cells with pAd-T34A caused morphologic features of apoptosis, including chromatin condensation and DNA fragmentation as seen by DAPI staining, as compared with pAd-GFP-or pAd-WT-treated cultures (Figure 2a) . In cytofluorometric quantification of apoptosis, pAd-T34A induced a two-to threefold increase in the fraction of hypodiploid, i.e., apoptotic, cells in cervical carcinoma HeLa, lung carcinoma A549, colorectal carcinoma HCT116, prostate carcinoma PC3, and a sevenfold increase in apoptosis in breast carcinoma MCF-7 cells, as compared with control cultures infected with pAd-GFP (Figure 2b ). In contrast, pAd-T34A did not significantly affect cell viability of proliferating normal human primary cell types, including HFFs and HLFs, HUVECs, or VSMCs, as seen by DNA content analysis and flow cytometry (Figure 2c) .
Characterization of tumor cell apoptosis induced by pAd-T34A. Infection of HeLa cells with pAd-T34A resulted in the appearance of an approximately 14-kDa cytochrome c band in cytosolic extracts, 6 hours after completion of viral infection, as seen by Western blot analysis (Figure 3a) . This was associated with parallel reduction of cytochrome c reactivity with mitochondrial fractions, 6 and 12 hours after viral infection ( Figure  3a) . In contrast, pAd-GFP did not cause increased detection of cytochrome c in cytosolic extracts or reduction of cytochrome c reactivity in mitochondrial fractions at the same time intervals after viral infection (Figure 3a) . Treatment with pAd-T34A also resulted in timedependent proteolytic processing of approximately 46-kDa proform caspase-9, which began to be detected 24 hours after viral infection and resulted in nearly complete disappearance of the proform caspase-9 band by 96 hours, as seen by Western blot analysis (Figure 3b ). This coincided with cleavage of approximately 32-kDa caspase-3 to active subunits of approximately 17 and 19 kDa 24 hours after viral infection (Figure 3c ) and increased caspase-3 activity by DEVD hydrolysis, in a reaction entirely suppressed by the caspase-3 inhibitor, DEVD-CHO (Figure 3d) . In control experiments, infection of HeLa cells with pAd-GFP did not cause caspase-9 or caspase-3 proteolytic processing as seen by Western blot analysis, and did not result in increased caspase-3 activity, as seen by DEVD hydrolysis (Figure 3, b-d) .
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The Relationship between pAd-T34A-induced tumor cell apoptosis and cell cycle progression. Consistent with the data presented above, infection of HeLa cells with pAd-T34A resulted in a time-dependent increase in apoptotic cells with hypodiploid, that is, sub-G1 DNA content over an 86 hour time interval (Figure 4 ). This was also associated with progressive loss of the mitotic cell fraction with G2/M DNA content, in agreement with the kinetics of apoptosis at G2/M following inhibition of survivin phosphorylation at Thr 34 (21) . However, apoptosis induced by pAd-T34A was not preceded by cell cycle arrest or appearance of aneuploidy, as seen by DNA content analysis and flow cytometry (Figure 4 ed in G2/M arrest followed by only a modest increase in apoptosis detected after a 96-hour time interval in both HeLa or MCF-7 cells ( Figure 5, a and b) . Under these experimental conditions, administration of pAd-T34A, but not pAd-GFP, was quantitatively as effective as taxol in time-dependent induction of apoptosis in both cell types and was considerably more effective than adriamycin treatment alone ( Figure 5, a and b) . When combined with chemotherapy, pAd-T34A enhanced taxol-induced apoptosis in both HeLa and MCF-7 cells at the longest time point examined, 96 hours, whereas the combination of pAd-T34A plus adriamycin was not more effective than pAd-T34A treatment alone ( Figure 5, a and b) . In control experiments, addition of pAd-GFP did not increase apoptosis induced by taxol or adriamycin in HeLa or MCF-7 cells ( Figure 5, a and b) . Modulation of tumor formation and tumor growth by pAd-T34A. Injection of uninfected MCF-7 cells in SCID mice resulted in the formation of localized tumors 7-12 days after transfer into the animals (Figure 6a ). Ex vivo infection of MCF-7 cells with pAd-T34A, but not pAd-GFP, before transfer into the animals suppressed the formation of macroscopic tumors in SCID mice (Figure 6a, see below) . Histologically, MCF-7 tumors were composed of nodules of malignant epithelial cells, which stained intensely positive for endogenous survivin as seen by immunohistochemistry (Figure 6b ). When analyzed for kinetics of tumor growth, uninfected MCF-7 cells or MCF-7 cells infected with pAd-GFP gave rise to comparable exponentially growing tumors over a 30-day period (Figure 6c) . In contrast, all animals reconstituted with MCF-7 cells infected ex vivo with pAd-T34A remained tumor free for the first 21 days, after which slow-growing, small tumors began to appear in 8 out of the 15 animals tested (Figure 6c ). MCF-7 tumors formed under these conditions were harvested after 30 days and analyzed for histology. Control tumors originated from pAd-GFP-infected MCF-7 cells exhibited intense labeling for the proliferation-associated marker Ki-67, as seen by immunohistochemistry (Figure 6d ). In contrast, only scattered and faintly positive Ki-67-positive cells were detected in tumors originated from pAd-T34A-infected MCF-7 cells (Figure 6d ). Quantification of Ki-67-positive cells under these conditions revealed that initial infection with pAd-T34A resulted in a more than 90% inhibition of mitotic index, as compared with pAd-GFP tumors (Figure 6e ).
Next, we tested the effect of pAd-T34A on established subcutaneous tumors. Uninfected MCF-7 cells were injected into the flank of SCID mice, and tumors were allowed to reach a volume of approximately 100-150 mm 3 over a 7-to 10-day period (5-7 mm diameter). Injection of these tumors in three sites with pAd-GFP or pAd-T34A at 5 × 10 8 GFU/site resulted in the appearance of numerous GFP-expressing cells along the needle injection tracks (Figure 7a) , as seen by fluorescence microscopy of frozen tumor sections. Intratumor administration of pAd-GFP did not affect exponential tumor growth for up to 14 days after injection (Figure 7b) . In contrast, a single intratumor administration of pAd-T34A inhibited tumor growth by approximately 40% at day 7, 9, 11, and 14 after injection (Figure 7b ). Tumors were harvested 2 days after local injection of pAd vectors and analyzed for histology. By H&E staining, putative intratumor needle injection tracks were visible after local administration of pAd-GFP or pAd-T34A (Figure 7c ). Tumors injected with pAd-GFP contained mitotic cells as determined by Ki-67 labeling (Figure 7b ) and exhibited no reactivity for in situ apoptosis by TUNEL staining along the needle injection tracks (Figure 7c ). In con-
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Figure 5
Effect of pAd-T34A and chemotherapeutic drugs on tumor cell apoptosis. Aliquots of HeLa (a) or MCF-7 (b) cells were treated with taxol (2 µM) or adriamycin (100 nM) in the presence or absence of pAd-GFP or pAd-T34A. Cells were harvested at the indicated time intervals and apoptosis was determined by DNA content analysis and flow cytometry as described in Figure 2 trast, tumors injected with pAd-T34A exhibited loss of Ki-67 reactivity and strong labeling for internucleosomal DNA fragmentation by TUNEL along the needle injection tracks (Figure 7c ). The effect of pAd-T34A on a model of disseminated peritoneal tumor growth was also investigated. For these experiments, exponentially growing uninfected MCF-7 cells were injected intraperitoneally in SCID mice. After a week, animals were given a single intraperitoneal injection of pAd-GFP or pAd-T34A, sacrificed 4 days later, and subjected to necroscopic examination. Four out of seven animals given pAd-GFP contained peritoneal masses ranging from 8.6 to 95.8 mg in weight (Table 1) , which were individually confirmed as human breast tumors by H&E staining (not shown). In contrast, only two out of seven animals treated with pAd-T34A contained small intraperitoneal tumors of 6.5 and 14 mg in weight (Table 1) . This resulted in a mean total tumor burden of 140.1 mg for pAd-GFP-treated animals versus 20.5 mg for SCID mice receiving pAd-T34A (Table 1) .
Discussion
In this study we have shown that a replication-deficient adenovirus encoding a phosphorylation-defective survivin Thr 34 →Ala mutant (pAd-T34A) caused spontaneous apoptosis in various tumor cell lines, exhibited no toxicity for normal human cells, and inhibited tumor growth in three distinct xenograft breast cancer models, in vivo.
Adenovirus vectors targeting regulators of cell cycle and/or apoptosis have been investigated for their potential suitability in cancer gene therapy alone or to enhance the efficacy of chemotherapy (25) (26) (27) (28) (29) . In this context, encouraging results were obtained using an E1B gene-deleted replication-selective oncolytic adenovirus, that is, ONYX-015 (30), in the treatment of patients with head and neck cancer, especially when combined with chemotherapy (31, 32) . A similar approach also involved intratumor adenoviral delivery (31, 32) , and data presented here suggest that pAd-T34A plus taxol, but not plus adriamycin, enhanced tumor cell apoptosis. For the expression of survivin at mitosis and its inhibition of taxol-induced apoptosis (8) , it is possible that interference with survivin function may be therapeutically more efficacious when selectively combined with drugs targeting the G/2M transition. Lastly, and perhaps most importantly, expression of pAd-T34A did not affect cell viability or cell cycle progression of normal human cells, including fibroblasts, VSMCs, and endothelium. Because a mitotic fraction was clearly evident in the DNA content analysis of these cells, the data presented here make it unlikely that expression of pAd-T34A results in a generic toxicity for all proliferating cells, whether normal or transformed. Taken together with the low to undetectable level of survivin in normal tissues as opposed to cancer in vivo (7, 10) and the lack of macroscopic toxicity following systemic administration of pAd-T34A in vivo (see below), these data suggest that adenoviral targeting of the survivin pathway may provide a considerable degree of selectivity for tumor cells and potential limited toxicity for normal tissues in vivo. The mode by which survivin counteracts apoptosis and, conversely, the mechanism of cell death ensuing from manipulation of the survivin pathway have been the subject of intense investigation (35, 36) . The ability of pAd-T34A to cause mitochondrial release of cytochrome c in tumor cells, followed by proteolytic processing of caspase-9, cleavage of caspase-3, and increased caspase-3 catalytic activity, suggests that survivin may control a step in
Figure 7
Effect of intratumor injection of pAd-T34A on tumor growth, proliferation, and apoptosis. (a) Expression of injected pAd vectors in vivo. Uninfected MCF-7 cells (1.5 × 10 6 ) were injected into the flank of female CB17 SCID/beige mice, and tumors were allowed to grow to approximately 100-150 mm 3 volume (7-10 mm diameter). Tumors were injected with pAd-GFP or pAd-T34A in three sites (5 × 10 8 GFU/site) and harvested after 48 hours (pAd-T34A) or 96 hours (pAd-GFP). Cryostat tumor sections were analyzed for GFP expression by fluorescence microscopy. In, needle injection track. ×200. (b) Kinetics of tumor growth. The experimental conditions are as in a. Tumor growth was measured in three dimensions at the indicated time intervals after intratumor injection of pAd-GFP or pAd-T34A. Data are the mean ± SEM of the various animals per group indicated in parenthesis. *P < 0.05, **P < 0.005. (c) Histology. Tumor sections from one animal injected with pAd-GFP or two representative animals injected with pAd-T34A were analyzed after 48 hours by H&E staining (H&E), cell proliferation by Ki-67 labeling (Ki-67), or in situ apoptosis by TUNEL labeling (TUNEL). In, putative needle injection tracks; W, epidermal wound corresponding to the putative entry site of injection. ×100. Insets show loss of Ki-67-positive cells and strong TUNEL labeling along the needle injection tracks of pAd-T34A-treated tumors. Insets, ×200.
